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asymmetrical surface structure
expansions of silver nanoclusters with atomic
precision†

Honglei Shen,‡a Pu Wang,‡b Jiawei Xu,a Ziwei Fu,a Xi Kang, *a Yong Pei*b

and Manzhou Zhu *a

Controlling symmetrical or asymmetrical growth has allowed a series of novel nanomaterials with

prominent physicochemical properties to be produced. However, precise and continuous size growth

based on a preserved template has long been a challenging pursuit, yet little has been achieved in terms

of manipulation at the atomic level. Here, a correlated silver cluster series has been established, enabling

atomically precise manipulation of symmetrical and asymmetrical surface structure expansions of metal

nanoclusters. Specifically, the C3-axisymmetric Ag29(BDTA)12(PPh3)4 nanocluster underwent symmetrical

and asymmetrical surface structure expansions via an acid-mediated synthetic procedure, giving rise to

C3-axisymmetric Ag32(BDTA)12(PPh3)10 and C1-axisymmetric Ag33(BDTA)12(PPh3)11, respectively. In

addition, structural transformations, including structural degradation from Ag32 to Ag29 and asymmetrical

structural expansion from Ag32 to Ag33, were rationalized theoretically. More importantly, the

asymmetrically structured Ag33 nanoclusters followed a chiral crystallization mode, and their crystals

displayed high optical activity, derived from CD and CPL characterization. This work not only provides an

important model for unlocking the symmetrical/asymmetrical size growth mechanism at the atomic level

but also pioneers a promising approach to activate the optical activity of cluster-based nanomaterials.
Introduction

The surface structure expansion of nanomaterials has emerged
as a versatile approach to control their morphologies, increase
their structural complexity, and enhance their functionalities
for downstream applications.1,2 According to the different
growth orientations, the surface structure expansion follows
symmetrical or asymmetrical growth patterns, laying the foun-
dation for constructing isotropic or anisotropic nanomaterials,
respectively.3 While most work on controlling nanomaterial
morphology revolves around symmetrical growth, the intro-
duction of asymmetrical factors and thus symmetry breaking
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has also emerged as a powerful route to enrich nanomaterials
with new shapes and complex morphologies as well as
unprecedented functionalities.3,4 To date, a variety of symmetry-
preserved or symmetry-broken nanocrystals have been reported,
together with some insights into their symmetrical or asym-
metrical growth mechanisms;5–8 however, most of these mech-
anisms have been elucidated on the basis of microscopy, and
little has been achieved in terms of understanding at the atomic
level. The in-depth comprehension of the symmetrical/
asymmetrical structure expansion and atomically precise
control over growth orientations require precise molecular
entities to serve as model nanosystems and accurate molecular
tools.

Metal nanoclusters are among the most promising nano-
materials for investigating structural evolutions owing to their
uniform sizes and precise structures.9–15 Besides, the prominent
quantum size effects and discrete electronic energy levels
enable cluster-based nanomaterials with structure-dependent
physicochemical properties, and the structure–property corre-
lations are accessible at the atomic level.16–28 Several efficient
strategies have been exploited to regulate the structures of
metal nanoclusters, such as ligand engineering, kernel alloying,
counterion regulation, intercluster reactions, etc., involving
both the molecular and supramolecular chemistry of these
programmable nanomaterials.29–36 Based on these strategies,
several cluster cases of surface structure expansion (or size
Chem. Sci., 2025, 16, 2373–2381 | 2373

http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc06847e&domain=pdf&date_stamp=2025-01-28
http://orcid.org/0000-0003-1531-323X
http://orcid.org/0000-0002-3068-7160
https://doi.org/10.1039/d4sc06847e
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc06847e
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC016005


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 1
/2

0/
20

26
 4

:1
5:

28
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
growth) have been reported, while most of these structural
manipulations were non-directional and discontinuous.37–43 In
addition, the success of controlling the symmetrical/
asymmetrical structure expansion of clusters critically relies
on the ability to retain/li the connement on symmetry by the
underlying surface units of the molecular structures; however,
achieving this control has long been a challenging pursuit. The
attainment of controlled symmetrical or asymmetrical size
growth of metal clusters with preserved frameworks is highly
desirable for revealing the structural growth mechanism and
the corresponding structure–property correlations at the atomic
level.

Herein, the continuous size growth, involving both
symmetrical and asymmetrical surface structure expansions,
has been accomplished for metal nanoclusters with a preserved
framework. The acid-mediated preparation in the one-pot
silver-cluster synthetic procedure directed the generation of
three correlated Ag nanoclusters (Schemes 1 and S1†): (i) the
Ag29(BDTA)12(PPh3)4 nanocluster (Ag29 for short, where BDTA
represents 3,5-dithiolbenzoic acid) with C3 axial symmetry, (ii)
the C3-axisymmetric Ag32(BDTA)12(PPh3)10 nanocluster (Ag32 for
short) exhibiting symmetrical surface structure expansion
relative to Ag29, and (iii) the C1-axisymmetric Ag33(BDTA)12(-
PPh3)11 nanocluster (Ag33 for short) displaying asymmetrical
surface structure expansion relative to Ag29 and Ag32. The
Scheme 1 Schematic illustration of the symmetrical surface expan-
sion from Ag29 to Ag32 nanoclusters and the asymmetrical surface
expansion from Ag32 to Ag33 nanoclusters.

Scheme 2 Schematic illustration of the synthetic procedure for Ag29, A

2374 | Chem. Sci., 2025, 16, 2373–2381
continuous structural transformations were rationalized via ab
initio calculations, including the structural degradation from
Ag32 to Ag29 and the asymmetrical structural expansion from
Ag32 to Ag33. Signicantly, the structurally asymmetrical Ag33
nanocluster followed a chiral crystallization mode, and its
crystals displayed high optical activity, derived from circular
dichroism (CD) and circularly polarized luminescence (CPL)
characterization. In vivid contrast, the structurally symmetrical
Ag29 and Ag32 nanoclusters were racemic in the crystal state,
encompassing equal amounts of S- and R-cluster enantiomers
in the crystal lattice. Overall, the ndings in this work provide
impetus for future experimental and theoretical developments
in the symmetrical growth or symmetry breaking of metal
nanoclusters.
Results and discussion

The Ag29, Ag32, and Ag33 nanoclusters were prepared via a one-
pot acid-mediated synthetic procedure (Scheme 2; see the ESI†
for more details). Specically, aer the reduction of NaBH4, the
introduction of different amounts of HCl directed the genera-
tion of structure-correlated silver nanoclusters, Ag29, Ag32, or
Ag33 with an analogous molecular framework but different
surface environments (Tables S1–S4†). Of note, previous studies
have demonstrated the pH-dependent formation of metal
nanoclusters, demonstrating the importance of an acid–base
environment for nanocluster regulation.44,45 For the cluster
homologue of Ag29, the Ag29(BDT)12(PPh3)4 nanocluster (Ag29-
BDT for short; BDT = 1,3-benzene dithiol) might be unstable in
the presence of acid, and we observed that the introduction of
HCl inhibited the nanocluster preparation. By comparison, for
the BDTA-stabilized silver clusters in this work, due to the
existence of carboxyl groups on thiol ligands, the acid sensitivity
of BDTA was transmitted to the cluster framework, which
provided us an opportunity to precisely control the cluster
structures by regulating the amount of HCl among the
synthesis.46 In addition, the BDTA-stabilized Ag29 and Ag29-BDT
presented the same cluster framework, demonstrating that the
introduction of carboxyl functional groups would not signi-
cantly change the coordination ability (or the nucleophilicity) of
the bidentate thiol ligand. The successful structure
g32, and Ag33 nanoclusters via an acid-mediated synthetic procedure.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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determination of this silver cluster series (i.e., Ag29, Ag32, and
Ag33) enabled the downstream mechanism elucidation towards
the symmetrical and asymmetrical surface structure expansions
of metal clusters with atomic precision.

The geometric structure of Ag29 was the same as that of Ag29-
BDT reported previously,47 except for their different peripheral
bidentate thiol ligands (Fig. S1†). Structurally, the Ag29 nano-
cluster contained an icosahedral Ag13 kernel that was stabilized
from four Ag3(SR0)6 units via sharing the bidentate BDTA thiol
ligands, where SR0 was half of the BDTA ligand (Fig. 1A–C).
Then, the obtained Ag25(BDTA)12 framework was capped by four
vertex Ag-PPh3 units to construct the overall structure of Ag29-
BDT (Fig. 1D and E). The Ag29 exhibited a highly symmetrical
overall structure with four C3 symmetry axes, passing through
the vertex Ag-PPh3 unit and the innermost Ag kernel (Fig. 1F).

The total structure of the Ag32 nanocluster represented the
symmetrical surface structure expansion relative to the Ag29
cluster framework (Fig. S2†). Specically, three terminal
Ag1(PPh3)2 units were symmetrically arranged onto the Ag29
framework by anchoring to the Ag3(SR0)3 ring, resulting in the
overall structure of Ag32(BDTA)12(PPh3)10 (Fig. 1G–I). Although
the complete structure of Ag32 still followed C3 symmetry
(Fig. S2†), symmetry degradation was discovered in contrast to
the Ag29 nanocluster. Indeed, due to the introduction of three
symmetric Ag1(PPh3)2 units on its surface, the Ag32 nanocluster
only showed one C3 symmetry axis that crossed the innermost
Ag kernel and a vertex Ag-PPh3 unit.
Fig. 1 Structural anatomy of Ag29, Ag32, and Ag33 nanoclusters. (A) The ic
four Ag3(SR0)6 surface units via sharing the bidentate BDTA thiol ligands.
and F) The overall structure of the Ag29(BDTA)12(PPh3)4 nanocluster. (G) T
overall structure of the Ag32(BDTA)12(PPh3)10 nanocluster. (J) The Ag1(PPh
of the Ag33(BDTA)12(PPh3)11 nanocluster. Color legends: orange/light blue
P; green sphere, O; grey sphere, C. All H atoms are omitted for clarity.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Continuous size growth from Ag32 gave rise to the generation
of the Ag33 nanocluster, which exhibited asymmetrical surface
structure expansion relative to the Ag32 cluster framework
(Fig. S3†). As shown in Fig. 1J–L, an extra Ag1(PPh3)1 surface unit
connected with an inward S atom of the Ag32(BDTA)12(PPh3)10
structure to form the overall structure of Ag33. In the meantime,
the coordination sites of the three terminal Ag1(PPh3)2 units on
the cluster surface altered to an uneven distribution (Fig. S3†).
The combination of two asymmetric factors, i.e., the uneven
distributions of (i) Ag1(PPh3)1 and (ii) Ag1(PPh3)2, contributed to
the symmetry breaking of the Ag33 nanocluster, making Ag33
asymmetrical with C1 symmetry (Fig. 1L). Collectively, from the
aspect of structural evolution, the Ag32/Ag33 nanoclusters could
be viewed as the size-growth products of the Ag29 cluster
precursor through symmetrical/asymmetrical surface structure
expanding patterns. Besides, the Ag32 and Ag33 nanoclusters
maintained the original Ag29 structure in terms of their
consistent Ag29-containing frameworks and analogous bond
lengths. Fig. S4† compares the average lengths of the Ag(ico-
sahedral surface)–Ag(icosahedral surface), Ag(icosahedral
surface)–S(shell), Ag(shell)–S(shell), and Ag(vertex)–P(vertex)
bonds in Ag29-BDT, Ag29, Ag32, and R/S-Ag33 nanoclusters. The
differences in the corresponding bone lengths were all less than
1%, demonstrating the structural integrity of the Ag29 frame-
work among the symmetrical/asymmetrical surface structure
expanding processes. In addition, the carboxylated surface
endowed the Ag29 nanocluster with an acid-resistant
osahedral Ag13 kernel. (B) The Ag12(BDTA)12 surface structure contains
(C) The Ag25(BDTA)12 structure. (D) The four Ag1(PPh3)1 vertex units. (E
he three Ag1(PPh3)2 surface symmetrical expanding units. (H and I) The

3)1 surface asymmetrical expanding unit. (K and L) The overall structure
/blue spheres, Ag; red/yellow spheres, S; magenta/purple/pink spheres,

Chem. Sci., 2025, 16, 2373–2381 | 2375
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characteristic, and Ag29 showed enhanced stability relative to
Ag29-BDT in an acidic environment (Fig. S5†).

Electrospray ionization mass spectrometry (ESI-MS) of the
Ag29 nanocluster showed an intense signal at 1779.56 Da in
negative mode with characteristic isotopic peaks separated by
a m/z of 0.33 Da, corresponding to the chemical formula of
[Ag29(BDTA)12]

3− (Fig. S6†). In this context, the vertex PPh3

ligands of Ag29 were dissociated entirely because of the high
collision energy during the mass detection. The Ag29 nano-
cluster presented a closed-shell electronic structure with
a nominal electron count of eight (i.e., 29(Ag) − 12 × 2(SR) +
3(charge) = 8), consistent with the icosahedral unit in the
cluster framework.48 Given the structural consistency among
these structure-correlated silver nanoclusters, the Ag32 and Ag33
nanoclusters should manifest the same nominal electron
counts as eight. Consequently, the Ag32 cluster molecule would
be electrically neutral, while the Ag33 cluster molecule would
carry a “+1” charge. However, we failed to observe the charac-
teristic mass signals of the two surface-expanded nanoclusters
in ESI-MS (Fig. S7†). In addition, 31P NMR (Nuclear Magnetic
Resonance) and elemental analyses were performed to verify the
purity and demonstrate the symmetry of such nanoclusters
(Fig. S8 and Table S5†).

The structural–property correlations of these structure-
correlated silver nanoclusters were investigated. Fig. 2A
compares the optical absorptions spectra of the four
Fig. 2 Optical properties of Ag29-BDT, Ag29, Ag32, and Ag33 nanocluster
solutions. (B) Photoluminescence emissions of the four nanoclusters in
wavelengths. (C) Photos of the photoluminescence of the four nanoc
absorption spectra of the four nanocluster crystals. (E) Normalized phot
Photos of the photoluminescence of the four nanocluster crystals. Inset

2376 | Chem. Sci., 2025, 16, 2373–2381
nanoclusters in the solution state. The DMF solutions of all
nanoclusters, including Ag29-BDT, Ag29, Ag32, and Ag33, exhibi-
ted almost the same optical absorption spectra with an intense
peak at 440 nm and several shoulder bands at 320, 364, and
515 nm (Fig. 2A). Indeed, although Ag29, Ag32, and Ag33 nano-
clusters exhibited comparable surface structures, their intrinsic
kernel structures were identical as Ag29(BDTA)12(PPh3)4. Such
similar absorption spectra demonstrated that the electronic
orbits of these silver nanoclusters were primarily constituted by
the innermost Ag29 framework, while they were less relevant to
the surface Ag-PPh3 stabilizers. The photoluminescence (PL) of
Ag29-BDT, Ag29, Ag32, and Ag33 nanoclusters was then measured
in the solution state. The normalized PL spectra suggested that
both Ag29-BDT and Ag29 emitted at 672 nm; by comparison, the
emission of Ag32 red-shied to 682 nm, while that of Ag33 blue-
shied to 662 nm (Fig. 2B, inset). Under 440 nm excitation, the
three BDTA-stabilized nanoclusters showed remarkable PL
enhancement relative to Ag29-BDT. Specically, the Ag32 nano-
cluster showed a ∼27-fold enhancement in emission intensity
compared to Ag29-BDT (Fig. 2B and C), and the PL intensity
sequence was Ag32 (PL QY of 25.5%) > Ag29 (PL QY of 5.8%) >
Ag33 (PL QY of 3.8%) > Ag29-BDT (PL QY of 0.9%).

The signicant PL enhancement of BDTA-stabilized nano-
clusters might originate from their intramolecular C–H/p and
p/p/p interactions (Fig. S9†), which remarkably restrained
the vibrations/rotations of cluster molecules.46 Besides, the
s. (A) Optical absorption spectra of the four nanoclusters in their DMF
their DMF solutions. Inset: comparison of the normalized emission

lusters in DMF. Inset line: changing trends of the PL QY. (D) Optical
oluminescence emissions of the four nanoclusters in their crystals. (F)
line: changing trends of the emission wavelength.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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introduced Ag-PPh3 surface units in Ag32 and Ag33 further
restrained the molecular vibrations/rotations. Accordingly, the
energy dissipation of the photo-excited clusters through the
radiative transition increased, accounting for the emission
enhancement of the BDTA-stabilized silver nanoclusters. Of
note, the Ag33 nanocluster with asymmetrical surface structures
might exhibit additional intracluster vibrations from the
Ag1(PPh3)1 surface asymmetrical expanding unit, resulting in
attenuated PL intensity relative to the Ag32 nanocluster. In
addition, due to the different intracluster interactions, the
energy dissipation pathway of these excited cluster molecules
might be affected, and thus their emission wavelengths were
slightly different.

The single crystal-based crystals of the four structure-
correlated silver nanoclusters exhibited more apparent differ-
ences in optical properties (see the ESI† for more details on the
preparation of such crystals). The crystals of Ag29-BDT displayed
comparable optical absorption spectra to its DMF solution.
However, for the three BDTA-stabilized silver nanoclusters,
absorption peaks at 532 and 655 nm were observed for their
crystals (Fig. 2D), which were optically salient in the corre-
sponding DMF solutions. Besides, the crystals of Ag29-BDT
showed an intense emission at 720 nm, while obvious red-shis
were detected for the emissions of BDTA-stabilized nano-
clusters (Fig. 2E). In particular, the brightest Ag32 cluster crys-
tals emitted at 790 nm, representing a 70 nm red-shi relative to
Ag29-BDT (Fig. 2F). The conspicuous differences in optical
absorption (i.e., 655 nm) and emissions of these structure-
correlated silver nanoclusters in different forms (crystal and
solution) arose from their distinct combinations of the elec-
tronic coupling and the lattice-origin, non-radiative decay
Fig. 3 Theoretical investigation of the corresponding cluster structural t
process of the Ag32 nanocluster under acidic conditions. (B) The propos
from Ag32 to Ag33

+-Exp.

© 2025 The Author(s). Published by the Royal Society of Chemistry
pathways occurring through electron–phonon interactions.49–51

Indeed, in the solution state, these nanoclusters are more like
independent individuals, which are uniformly dispersed in the
system. When the cluster molecules spontaneously crystallize,
they are xed within the crystal lattice with intermolecular
interactions. This partially affects the electronic structure of the
clusters, which in turn inuences the photophysical properties
of nanoclusters. Besides, the presence of rich carboxyl func-
tional groups might trigger such electron–phonon interactions
in cluster crystalline lattices. In addition, these differences
between the surface inactive Ag29-BDT and surface-carboxylated
Ag29, Ag32, and Ag33 could also be explained in terms of their
diverse surface chemistry as well as intra-/inter-molecular
interactions.52

Theoretical efforts were made to rationalize the structural
transformations among these structure-correlated silver nano-
clusters. Considering that the Ag32 nanocluster underwent
symmetrical structural degradation to generate Ag29 in an acidic
environment (Fig. S10†), we theoretically investigated the cor-
responding structural transformation mechanism. Here, we
simulated the detachment mechanism of an Ag(PPh3)2 group
from the Ag32 nanocluster as an example to reveal the structural
degradation process. As shown in Fig. 3A and S11,† the H
proton reacted with the S site of the Ag3(SR0)3 ring to form the
most stable Ag32P10H–C intermediate (marked as Path 3), and
the reaction energy was −10.44 eV. This process was benecial
to weaken the interaction between the Ag(PPh3)2 group and the
surface Ag3(SR0)3 ring, resulting in an increase of the Ag–S bond
length from 2.51 to 2.63 Å. Although another two processes
could also effectively weaken the Ag–S bond when the H proton
attacked the surface Ag site (marked as Path 1 and Path 2;
ransformations. (A) The intermediate structures during the degradation
ed two-step transformation of the asymmetrical structural expansion

Chem. Sci., 2025, 16, 2373–2381 | 2377
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Fig. S11†), the energies of the formed Ag32P10H
+ intermediates

(A and B isomers) were 1.14 and 0.90 eV higher than that of the
Ag32P10H–C+ isomer, respectively. These results indicated that
the H proton was more likely to attack the S site of the Ag3(SR0)3
ring rather than the Ag site of the Ag(PPh3)2 group at the
beginning of the degradation process of Ag32. Then, a large
number of H protons would continuously attack the Ag site of
the Ag(PPh3)2 group, gradually weakening the Ag–S bond until it
broke. The DFT calculation results showed that the Ag–S bond
length increased from 2.63 Å to 2.88 Å and nally to 3.06 Å
under the condition of H protons continuously attacking
surface Ag sites. At this time, the Ag(PPh3)2 group has
completely detached from the surface of the Ag32 nanocluster,
resulting in the formation of the Ag31 cluster. Similarly, the
other two Ag(PPh3)2 groups would also separate from the
surface of Ag31 with the same detaching mechanism,
completing the transformation from the Ag32 to the Ag29
nanocluster.

Besides, the asymmetrical structural expansion from Ag32 to
Ag33 was simulated. Due to the uneven distributions of the three
terminal Ag(PPh3)2 coordination on Ag32 and Ag33 cluster
surfaces, we proposed that the structural expansion from Ag32
to Ag33 followed a two-step process (Fig. 3B): (step 1) the isom-
erization process: the intramolecular transfer of three Ag(PPh3)2
groups on the Ag32 cluster surface from a uniform to a non-
uniform distribution induced cluster isomerization, resulting
in the formation of an Ag32 isomer; (step 2) the electrophilic
process: the reactant Ag(PPh3)1

+ species attacked the electro-
philic region of the Ag32 isomer and aggregated to form the Ag33
nanocluster. Similarly, we performed the simulation of the
migration process of an Ag(PPh3)2 group on the surface as an
example to reveal the isomerization transformation of the Ag32
nanocluster. As shown in Fig. S12,† the migration of an
Ag(PPh3)2 group of the Ag32 nanocluster from site 1c to 1a was
a weakly endothermic process (DE = 0.14 eV), and the two
transition-state energy barriers during the reaction were 1.29
and 0.42 eV, respectively. In the electrophilic process, the
reaction sites of the Ag32 cluster isomer were predicted using an
orbital weight dual descriptor (Df) derived from Fukui func-
tions.53 If Df(r) > 0, the site was favored for a nucleophilic attack.
By comparison, if Df(r) < 0, the site may be favored for an
electrophilic attack. The Ag1(PPh3)1

+ reactant received electrons
and was characterized by high electrophilicity in this process.
By analyzing the orbital dual descriptor of the Ag32 nanocluster,
only three surface S sites (1b, 1c, and 3c) have negative Df values
(Fig. S13†), indicating that these sites could donate electrons
and were susceptible to electrophilic attacks. Subsequently, we
further compared the stability of the three Ag33 isomers.
Although the Ag33-1c isomer has the lowest energy, the surface
Ag3(SR0)3 structure deformed or even collapsed, as depicted in
Fig. S14.† The theoretical structure of the Ag33-1b isomer with
a lower energy was consistent with the experimental crystal
structure.

Structurally, Ag29 and its derivative Ag32 or Ag33 nanoclusters
comprised the uniform Ag29 framework. However, the
symmetrical and asymmetrical surface structure expansions
endowed the Ag32 and Ag33 nanoclusters with disparate surface
2378 | Chem. Sci., 2025, 16, 2373–2381
environments, which hopefully affected their supramolecular
packing and physicochemical properties. The crystal lattices of
these structure-correlated silver nanoclusters were compared
(Fig. S15†). For the Ag29 nanocluster, the R-Ag29 and S-Ag29
cluster enantiomers coexisted in the crystal lattice in equal
amounts, giving rise to a racemic Ag29 crystal (Fig. 4A and S16†).
Of note, for a pair of Ag29 enantiomers (Fig. 4A), the peripheral
fan-shaped Ag4S6 could be considered as clockwise (the orange
one) and anti-clockwise (the blue one) subunits on the nano-
cluster surface. For differentiating the two cluster enantiomers,
the clockwise-packed Ag29 nanocluster was referred to as R-Ag29,
while the anti-clockwise-packed one was called S-Ag29. The
terms R- and S- of other nanoclusters in this work were deter-
mined in the same way. The same racemic packing phenom-
enon was observed in the Ag32 crystal lattice (Fig. 4B and S17†).
Consequently, although the Ag29 and Ag32 crystals presented
strong PL intensities, no optical activity of the crystals was
detected. In vivid contrast, the surface unsymmetric Ag33
nanocluster entities followed a chiral self-assembled pattern
among the crystallization and the R-Ag33 or S-Ag33 cluster
enantiomers crystallized in each crystal lattice separately
(Fig. 4C, D and S18†), which was reminiscent of the tartaric acid.
In contrast, Ag33 and other cluster samples exhibited quenched
optical activity in the solution state (Fig. S19†). Accordingly, the
chiral characteristic only appeared in the crystal state of the
Ag33 nanocluster, and such nanoclusters underwent racemiza-
tion during the dissolution process. In previous studies, the
precise control over the transformation of nanocluster struc-
tures has been accomplished by adjusting the concentrations of
ligands ormetal sources, thereby allowing for the preparation of
nanoclusters with specic optical activities.54,55 Herein, the
symmetric Ag29 and Ag32 and asymmetric Ag33 nanoclusters
formed a structure-correlated cluster series, allowing for precise
correlations between cluster structures and photophysical
properties.

The molecule-level and supramolecular-level asymmetric
factors (i.e., the unsymmetrical surface expanding and the
chiral crystallography packing) exhibited great potential in
rendering the Ag33 crystals optically active. In detail, we have
collected the Ag33 nanocluster crystals with R- or S-crystalline
packing patterns and investigated their optical activity. Specif-
ically, all R-type (or S-type) Ag33 single crystals showed similar
CD and CPL signals with comparable peak shapes, while the
Ag33 single crystals with different crystalline aggregation types
(i.e., R- or S-type) displayed opposite CD and CPL signals,
further demonstrating that the optical activity of the Ag33
nanocluster originated from their crystals with a “crystalliza-
tion-induced spontaneous enantiomer separation” behaviour
(Scheme S1†). As shown in Fig. 5A and B, the R-Ag33 and S-Ag33
crystals displayed intense signals at about 340 and 520 nm in
CD spectra. Of note, the Ag33 crystalline lm exhibits three
optical absorption peaks at 350, 532, and 655 nm (Fig. 2D). The
absorption peaks at 350 and 532 nm originated from the
intrinsic electronic structure of the Ag33 molecule, which were
reected in the CD spectrum. However, the absorption peak at
655 nm of the Ag33 cluster crystal might arise from the distinct
combinations of the electronic coupling and the lattice-origin,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Crystalline packing of Ag29, Ag32, and Ag33 nanoclusters in their crystal lattices. (A) Crystal lattice of the racemic Ag29 nanocluster with no
optical activity. (B) Crystal lattice of the racemic Ag32 nanocluster with no optical activity. (C) Crystal lattice of the chiral Ag33 nanocluster (R
enantiomer) with optical activity. (D) Crystal lattice of the chiral Ag33 nanocluster (S enantiomer) with optical activity.
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non-radiative decay pathways occurring through electron–
phonon interactions, which might be the possible reason why
the 655 nm signal was not reected in the CD spectrum.
Fig. 5 Optical activity test of cluster crystals. (A) Circular dichroism spec
results of different cluster crystals. (C) Circularly polarized luminescence s
results of different cluster crystals.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Besides, the CPL spectra of R-Ag33 and S-Ag33 crystals showed
mirror signals at about 760 nm, demonstrating the apparent
optical activity of the Ag33 crystals (Fig. 5C and D). In addition,
tra of the four nanoclusters in the crystal state. (B) g factors of the CD
pectra of the four nanoclusters in the crystal state. (D) Glum of the CPL
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the crystals of Ag33 nanoclusters showed consistent optical
activity by analyzing the CPL results of different points/sides of
the crystals or microcrystals (Fig. S20†), demonstrating that the
optical activity originated from the nanocluster crystals them-
selves, i.e., the chiral crystalline packing of the Ag33 nano-
clusters in the crystal lattice. In contrast, the Ag29-BDT, Ag29,
and Ag32 crystals were optically inactive with no signals in CD
and CPL characterization.

Conclusion

In summary, the continuous size growth of metal nanoclusters
has been accomplished within a preserved framework,
including symmetrical surface structure expansion from Ag29 to
Ag32 and asymmetrical expansion from Ag32 to Ag33, allowing
for nanocluster growth to be meticulously dictated with atomic
precision. The symmetrical degradation and the asymmetrical
expansion for transforming the geometric structures of nano-
clusters were rationalized via ab initio calculations. Besides, the
structure-dependent optical properties, including absorption
and emission characteristics, of these correlated silver nano-
clusters were investigated. More importantly, the molecule-level
and supramolecular-level asymmetric factors (i.e., the unsym-
metrical surface expanding and the chiral crystallography
packing) of the Ag33 nanocluster rendered its crystals highly
optically active, derived from CD and CPL characterization. This
work presented an important structure-correlated cluster series
with controllable symmetrical/asymmetrical surface environ-
ments, allowing for some new insights into the cluster structure
evolutions.
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